Abstract
Introduction
Fiber-reinforced-polymer (FRP) bars have been well accepted as internal and external 6 approach is needed to confirm that GFRP bars manufactured with different types of resin will 
Experimental-Program Outline

123
This experimental investigation was conducted on three different GFRP bars that were 12 mm in and Fourier transform infrared spectroscopy (FTIR), respectively. In addition, bar microstructure 137 was investigated using scanning electron microscopy (SEM) for both conditioned and 138 unconditioned bars to assess changes and/or degradation.
139
Material Properties and Test Specimens
140
The glass/polyester, glass/vinyl-ester, and glass/epoxy FRP bars were manufactured with 141 continuous glass fibers impregnated in polyester, vinyl-ester, or epoxy resins using the pultrusion 142 process. Table 1 lists the typical properties of these thermosetting-resin systems as reported by (Fig. 1) where, WT is the total weight before burn off.
167
Water-immersion test
168
The moisture uptake at saturation of the GFRP bars was determined according to ASTM D570,
169
except that the immersion was in tap water instead of distilled water. Three 50 mm long 170 specimens were cut, dried, and weighed prior to immersion in water at 50°C for three weeks. The 171 samples were removed from the water after three weeks, surface dried, and weighed.
172
The water content at saturation in weight percent (Ws) was calculated using higher than these limits, probably due to the resin-rich deformation pattern on the bar surface,
207
which absorbed most of the moisture. 
Transverse-Shear Strength Test
218
Transverse shear is the major structural force on dowels in jointed pavements or on stirrups in 232 Table 3 shows that the transverse-shear strengths of the polyester and vinyl-ester GFRP bars 
Three-Point Flexural Test
243
Flexural testing is especially useful for quality control and specification purposes. 
264
The maximum outer fiber strain (
266 Table 3 provides the three-point flexural strength, flexural modulus of elasticity, and ultimate 
Short-Beam Shear Test
281
In FRP bars manufactured with a pultrusion process in which the fibers are arranged 282 unidirectionally and bonded with the polymer matrix, the horizontal stresses would be more fibers and polyester resin was not as strong as that within the vinyl-ester and epoxy GFRP bars.
299 Table 3 shows the apparent horizontal shear strength of the tested GFRP bars. It is worth 300 mentioning that the high values of the interlaminar-shear strength reveal a strong interface 301 between the resins and reinforcing fibers, which will be clarified in the SEM analysis to follow. temperature and 50°C, whereas the increase was exponential at higher temperatures (over 60°C).
315 study was 60°C, as specified in ASTM D7705 (ASTM 2012a).
317
The GFRP specimens were placed in hermetically sealed stainless-steel containers to prevent properties after 1,000, 3,000, and 5,000 h at 60°C. Durability was assessed using tests for Table 4 shows the transverse-shear strength and strength-retention ratios of the tested bars after 337 1,000, 3,000, and 5,000 h of immersion in the alkaline solution at 60°C. 
342
Contrary to the polyester bars, the vinyl-ester and epoxy GFRP bars exhibited no significant 343 reductions in the early stages (less than 3,000 h).
344
Flexural Strength of the Conditioned FRP Bars
345 Table 4 provides the flexural strength and strength-retention ratios of the tested FRP bars after degradation rate between 1,000 and 5,000 h.
357
Flexural Modulus of Elasticity of the Conditioned GFRP Bars
358 Table 4 gives the flexural modulus of elasticity and the retention ratio of the tested FRP bars 359 after 1,000, 3,000, and 5,000 h of immersion. The three bar types had no significant differences greater debonding at the fiber-resin interface than did the vinyl-ester and epoxy GFRP bars.
393
Accordingly, the polyester GFRP bars had higher moisture uptake measured at saturation and 394 higher degradation rate of mechanical properties after conditioning.
395
SEM was also performed on the fracture zones of the 1,000 h specimens after short-beam testing
396
( Fig. 11) to investigate the mechanisms of failure at the interface fiber-matrix. The fiber surface 397 of the vinyl-ester and epoxy GFRP bars had more resin coverage (Fig. 11 [b and c] ) than the 398 polyester GFRP bars ( Fig. 11[a] ). This observation corroborates the reduction ratio of the 
422
Hydroxyl groups appeared as a broad peak between 3200 and 3650 cm −1 , which corresponds to 423 the stretching mode of the hydroxyl groups in the polyester, vinyl-ester, and epoxy resins.
424 Figure 12 shows the FTIR spectra of the unconditioned and conditioned polyester, vinyl-ester,
425
and epoxy GFRP specimens conditioned in the alkaline solution for 5,000 h at 60°C. For each 426 specimen-reference and conditioned-spectra of the surface and core of the specimen were 427 recorded and the areas of the O-H and C-H peaks calculated as presented in Fig. 13 . Table 6 428 presents the ratio of the (OH -) peak to the resin's carbon-hydrogen (C-H) stretching peak. The hand, the polyester resin showed significant differences on the surface and in the core of the 434 tested specimens (see Table 6 ). The experimental O-H/C-H for the core and surface of the vinyl-
435
ester and epoxy GFRP bars immersed for 5,000 h were 1.5, 1.8, 1.2, and 1.5, respectively, study, the moisture-uptake ratios at saturation for the reference specimens were 1.15%, 0.63%,
451
and 0.23% for the polyester, vinyl-ester, and epoxy GFRP, respectively, while these ratios for the 452 conditioned specimens were 1.36%, 0.38%, and 0.20% for the polyester, vinyl-ester, and epoxy 
